Subpopulations of Rat B2+ Neuroblasts Exhibit Differential Neurotrophin Responsiveness during Sympathetic Development  by Goldhawk, Donna E. et al.
p
n
t
R
a
Developmental Biology 218, 367–377 (2000)
doi:10.1006/dbio.1999.9591, available online at http://www.idealibrary.com onSubpopulations of Rat B21 Neuroblasts Exhibit
Differential Neurotrophin Responsiveness
during Sympathetic Development
Donna E. Goldhawk,* Susan O. Meakin,*,†,‡ and Joseph M. Verdi*,‡,§,1
*Neurodegeneration Research Group, John P. Robarts Research Institute, London, Ontario
N6A 5K8, Canada; and †Department of Biochemistry, §Department of Physiology, and
‡Neuroscience Program, University of Western Ontario, London, Ontario, Canada
Sympathetic neurons comprise a population of postmitotic, tyrosine hydroxylase expressing cells whose survival is
dependent upon nerve growth factor (NGF) both in vivo and in vitro. However, during development precursors to rat
sympathetic neurons in the thoracolumbar region are not responsive to NGF because they lack the signal transducing NGF
receptor, trkA. We have previously shown that acquisition of trkA expression is sufficient to confer a functional response
to NGF. Here we describe four subpopulations of thoracolumbar sympathetic neuroblasts which are mitotically active and
unresponsive to NGF at E13.5 of rat gestation, but differ based upon their neurotrophic responsiveness in vitro. The survival
in culture of the largest sympathetic subpopulation is mediated by neurotrophin-3 (NT-3) or glial-derived neurotrophic
factor (GDNF), whereas the cell survival of two smaller subpopulations of neuroblasts are mediated by either solely GDNF
or solely NT-3. Finally, we identify a subpopulation of sympathetic neuroblasts in the thoracolumbar region whose survival,
exit from the cell cycle, induction of trkA expression, and consequent acquisition of NGF responsiveness in culture appear
to be neurotrophin independent and cell autonomous. These subpopulations reflect the diversity of neurotrophic actions
that occur in the proper development of sympathetic neurons. © 2000 Academic Press
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It is extremely important to delineate the regulation,
expression, and growth factor interactions that occur in the
development of neuroblasts to neurons. The sympathetic
ganglia provides an ideal system to study these aspects of
development because the population of terminally differen-
tiated neurons is relatively homogeneous and well charac-
terized (Anderson, 1989; Bonner-Fraser, 1992; Sieber-Blum,
1998; Francis and Landis, 1999). Sympathetic neurons are
dependent upon nerve growth factor (NGF)2 for their long-
1 To whom correspondence should be addressed at The John P.
Robarts Research Institute, 100 Perth Drive, London, Ontario N6A
5K8, Canada. Fax: (519) 663-3789. E-mail: joeverdi@rri.on.ca.
2 Abbreviations used: NGF, nerve growth factor; NT-3, neurotro-
hin-3; GDNF, glial-derived neurotrophic factor; CNTF, ciliary
eurotrophic factor; SCG, superior cervical ganglion; NRTN, neur-
urin; GFR, GDNF family receptor; FGF, fibroblast growth factor;
A, retinoic acid; LIF, leukemia inhibitory factor; PCNA, prolifer-
ting cell nuclear antigen.
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However, precursors to sympathetic neurons are not NGF
responsive (Birren et al., 1993). Determining the factors,
receptors, and mechanisms underlying interim trophic sur-
vival and the acquisition of NGF responsiveness is impor-
tant to understanding the development of normal sympa-
thetic neurons.
NT-3 and the Trophic Relay of Sympathetic
Development
During sympathetic development, the majority of embry-
onic neuroblasts in vitro are dependent upon the actions of
NT-3 in the ganglia to support their survival until these
cells are competent to respond to NGF (Birren et al., 1993;
Verdi and Anderson, 1994). NT-3 also facilitates mitotic
arrest of these dividing precursors in vitro, leading to the
induction of trkA and subsequent acquisition of NGF
responsiveness (Verdi and Anderson, 1994; Verdi et al.,
1995). Once NGF responsive, NGF supports the long-term
survival and maintenance of the postmitotic phenotype.
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368 Goldhawk, Meakin, and VerdiThis parsimonious model based on a wealth of in vitro
assays, however, does not appear to be recapitulated in vivo.
Mice null for the NT-3 locus have a reduction in the
number of sympathetic neurons (Francis et al., 1999; Fari-
nas et al., 1994; Ernfors et al., 1994; Wyatt et al., 1997) but
not an elimination of all sympathetic neurons. Further-
more, the effects of NT-3 absence seem to have more of an
effect at later stages of development (survival of sympa-
thetic neurons) rather than on the neuroblast population
itself (Francis et al., 1999). The resulting neurons in NT-3
null mice express trkA and are presumed to be normal
NGF-dependent neurons. This suggests that NT-3 may not
be the sole factor required for the survival and maturation
of sympathetic precursors.
Glial Cell Line-Derived (GDNF) Family of
Neurotrophic Factors
The GDNF family of neurotrophic factors currently has
four members: GDNF, neurturin (NRTN), persephin, and
artemin (Lin et al., 1993; Creedon et al., 1997; Baloh et al.,
1998; Millbrandt et al., 1998; Golden et al., 1999; Saarma
nd Sariola, 1999). These proteins are potent survival fac-
ors for several populations of central and peripheral neu-
ons. The receptors for these factors are complexes that
nclude the Ret tyrosine kinase receptor and a GPI-linked,
igand-binding component called GDNF family receptor
a1–4 (GFRa1–4) (Jing et al., 1996, 1997; Nomoto et al.,
1998; Enokido et al., 1998). There are some preferred ligand
GFR subunit interactions (GDNF–GFR1; NRTN–GFR2;
artemin–GFR3) but there is some promiscuity in binding
and activation (Baloh et al., 1998).
GDNF supports the survival of paravertebral sympathetic
neurons in culture. The effects of GDNF on this population
decline during development (Buj-Bello et al., 1995). Other
GDNF family members also influence sympathetic neuro-
genesis. Artemin is a survival factor for cultured sympa-
thetic neurons, and its expression pattern suggests that it
also influences these neurons in vivo (Baloh et al., 1998).
Neurturin promotes the in vitro survival of populations of
embryonic chick sympathetic neurons (Forgie et al., 1999).
Similar to the effects GDNF has on sympathetic neuro-
blasts, the effects of neurturin are more sensitive at early
stages of development.
What Knock-outs Have Told Us and the Necessity
for Further in Vitro Analysis
Knock-out technology has been instrumental in elucidat-
ing the contributions made by specific neurotrophins (Fari-
nas et al., 1994; Ernfors et al., 1994; Francis et al., 1999) and
DNF family members (Moore et al., 1996; Sanchez et al.,
996; Schuchardt et al., 1994) in the development of the
ympathetic ganglion. In these knock-out mice, whether it
e GDNF, RET, trkC, or NT-3 nulls, there is a reduction
ut not an amelioration in the number of viable sympa-
hetic neurons, which is what one predicts if the vast
Copyright © 2000 by Academic Press. All rightajority of neuroblasts are dependent upon these factors for
urvival as indicated by the wealth of in vitro research. This
aises the question of why the in vivo data do not reflect the
ompelling independent evidence regarding interim trophic
urvival in vitro. This also points out the strength of both
he in vivo and in vitro analyses. These in vivo experiments
ave the advantage of looking within the mouse itself but
re complicated by the complexity of neurotrophic actions
n vivo. The most likely explanation for this contradiction
s the overlapping effects trophic factors have in vivo. For
nstance, the lack of any significant reduction of sympa-
hetic precursors in these null mice may reflect the ability
f other trophic factors (IGF-1, GDNF-like molecules,
eurotrophin-3, hepatocyte growth factor (Maina et al.,
998)), to jointly maintain survival of sympathetic precur-
ors until the cells become NGF responsive. The in vitro
tudies reported within allow one to dissect individual
omponents from other mitigating factors and ask whether
euroblasts respond to NT-3 or GDNF family members or if
rophic independent neuroblasts exist, what role these
actors play during development (proliferation, survival,
itotic arrest), and what overlap may exist in supporting
ell recovery and induction of NGF responsiveness of
ympathetic neuroblasts.
Here we detail the existence of four subpopulations of rat
ympathetic neuroblasts from the thoracolumbar chain: (1)
population which is NT-3 and not GDNF responsive in
ulture; (2) an overlapping subpopulation which is both
T-3 and GDNF responsive; (3) a population which is
olely GDNF responsive; and (4) a trophic-factor-
ndependent subpopulation. This heterogeneity of thoraco-
umbar sympathetic neuroblasts shows the complexity in
onvergence of sympathetic precursors into a homogeneous
GF-dependent population.
MATERIALS AND METHODS
Cell Isolation and Culture
Sympathetic ganglia were dissected from embryonic white rats
(Simonson Laboratories) at various stages of gestation (Verdi and
Anderson, 1994). The sympathetic chains were isolated from
thoracolumbar regions and treated with 1 mg/ml elastase (Sigma)
and 1 mg/ml collagenase (Worthington) in SMEM at 37°C for 30
min. The cells were labeled with the B2 antibody (Dodd and Jessell,
1985; Anderson and Axel, 1986) and positive cells were isolated
using an Epics Elite fluorescence-activated cell sorter (Coulter) as
previously described (Birren et al., 1993; Verdi and Anderson,
1994). B21 sympathetic precursors were plated in a serum-free
odification of L15N2 medium (Wolinsky et al., 1985). The base
edium was composed of L15CO2 containing 1:1:2 (glutamine:
penicillin–streptomycin:glucose) and fresh vitamin mix (Hawrot
and Patterson, 1979). The medium was supplemented with the
following additions: 20 nM progesterone, 30 nM selenious acid, 100
mg/ml transferrin, 16 mg/ml putrescine, 1 mg/ml crystalline BSA.
There was no insulin in this medium.
s of reproduction in any form reserved.
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369Identification of Sympathetic Neuroblast SubpopulationsCell Recovery Assays
Cell number assays were performed as described by Verdi and
Anderson (1994). Determinations of neuroblast survival were made
by manually counting the number of neuroblasts at 12, 24, 36, and
48 h and expressing the results as a percentage relative to the
number of cells attached 2–3 h after plating. At predetermined time
points, sister cultures were prepared for immunohistochemistry or
RT-PCR analysis.
BrdU Incorporation
B21 sympathetic precursors were plated at densities of 10,000
ells/well in a 24-well plate or 2000 cells/well of a 96-well plate.
rdU was added to a final concentration of 10 mM 8 h prior to the
end of a 24-h incubation. The cells were fixed for 30 min at 220°C
in 70% ethanol and stained for BrdU (Verdi and Anderson, 1994).
Cells were washed three times with PBS to remove the ethanol and
treated for 10 min with 2 N HCl. Following two washes of PBS, the
cells were treated for an additional 10 min with 0.1 M Na2B4O7 z
10H2O. The cells were then incubated after further washing in PBS
ith a 1:20 dilution of mouse anti-BrdU (Dako) and then for 1 h
ith a FITC-conjugated goat anti-mouse secondary antibody
TAGO 1:200). The cells were counterstained with 1 mg/ml DAPI
or 5 min to facilitate the counting of the total cell number.
Semiquantitative RT-Polymerase Chain Reaction
(PCR)
Total RNA was isolated according to the method of Chomczyn-
ski and Sacchi (1987). In order to facilitate precipitation of the
RNA, 20 mg of glycogen (Boehringer Mannheim) was added to the
reparation. The resulting pellet was resuspended in 25 ml of
EPC-treated water and incubated for 30 min with 1 unit of RNase
ree DNase at 37°C. After the incubation, the preparation was
henol:chloroform extracted twice and reprecipitated in the pres-
nce of glycogen. The final pellet was resuspended in 20 ml of
RNase free 10 mm Tris, pH 7.6. Reverse transcription was per-
formed on total RNA samples using Gibco’s Superscript II accord-
ing to manufacturer’s specifications.
PCRs were carried out in duplicate using the “hot start” tech-
nique and were carried out in the linear range of the assay
essentially as described elsewhere (Verdi and Anderson, 1994; Verdi
et al., 1994a). PCR primer sequences for trk and p75 were those
described previously (Verdi and Anderson, 1994). PCRs were car-
ried out in the presence of labeled nucleotide and the products were
separated by agarose gel electrophoresis. Quantification of band
intensities was determined by phosphorimaging as previously
described (Verdi and Anderson, 1994). After subtraction of lane-
specific background in a consistent region of the gel, band intensi-
ties for trkA or p75 were normalized to the synthetic internal
control band and then to the actin control to compensate for
variations in input cDNA levels. In all measurements, PCR condi-
tions were chosen so as to obtain signals in the linear range of the
assay.
Preparation of Neuroblast-Conditioned Medium
E13.5 B21 neuroblasts were plated at fivefold the normal density
in multiple wells of a 24-well dish and allowed to remain in culture
for 72 h. At that point the medium was removed and centrifuged to
remove any dead cells or debris. The clarified conditioned medium
Copyright © 2000 by Academic Press. All rightwas diluted 1:1 with fresh insulin and serum-free L15CO2 medium.
his solution was then used in a standard 24-h cell recovery assay
ith freshly isolated E13.5 neuroblasts.
Neutralizing Antibodies
Turkey anti-NT-3 and anti-BDNF were gifts from the Amgen
Corporation and had been previously demonstrated not to cross-
react with other neurotrophins (Ghosh et al., 1994; Ghosh and
reenberg, 1995). These antibodies were used at a final concentra-
ion of 580 ng/ml, which is 10-fold higher than the amount
ecessary to block the survival promoting activity of 40 ng/ml
T-3 or BDNF. Anti-neuregulin was a cocktail of two antibodies:
N16 and an affinity-purified polyclonal antibody raised against
ecombinant glial growth factor. We have used all three of these
unction-blocking antibodies previously (Verdi et al., 1996).
unction-neutralizing antibodies were added to cultures of E13.5
euroblasts directly and were also used to preincubate E13.5
euroblasts prior to plating and subsequent addition to the media.
RESULTS
At Least Three Subpopulations of NGF-
Unresponsive Sympathetic Neuroblasts Exist
during Thoracolumbar Development
We originally described a subpopulation of sympathetic
neuroblasts whose cell recovery in vitro in a 24-h paradigm
was enhanced by the addition of NT-3 (Verdi and Anderson,
1994). Likewise, Buj-Bello et al. (1995) demonstrated that
the cell recovery of sympathetic precursors could be en-
hanced by the addition of GDNF. We began this investiga-
tion by examining whether NT-3 and GDNF actions were
restricted to discrete subpopulations of sympathetic precur-
sors or whether the two factors work in unison on overlap-
ping subpopulations of sympathetic neuroblasts. Since it
has not been demonstrated using single-cell tracking assays
whether the effects of GDNF on cell number were a
function of proliferation or survival or some combination,
we elected to initially perform cell recovery assays to
simply address whether subpopulations of B21 neuroblasts
responded to either factor in a 24-h assay. As shown in Fig.
1, NT-3 enhanced the recovery of B21 neuroblasts after 24 h
n culture. Furthermore, consistent with Buj-Bello et al.’s
ndings, GDNF increases the 24-h recovery of cultured rat
13.5 B21 neuroblasts twofold (Fig. 1). The recovery was
only slightly less than that observed for NT-3. No enhanced
recovery was seen for other neurotrophic factors or factors
thought to be involved in sympathetic neurogenesis, in-
cluding NGF, BDNF, retinoic acid (RA), and leukemia
inhibitory factor (LIF; data not shown). Surprisingly, when
GDNF and NT-3 were added together, there was an en-
hanced recovery of B21 neuroblasts over either factor alone
NT-3, 67.2 6 4.3; GDNF, 53.6 6 5.7; NT-3 1 GDNF,
1.3 6 3.7). However, this enhanced recovery was not
otally additive, suggesting that at least three subpopula-
ions of B21 neuroblasts exist at E13.5 in the rat thoraco-lumbar region in regard to their responsiveness to NT-3 and
s of reproduction in any form reserved.
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370 Goldhawk, Meakin, and VerdiGDNF in vitro: These include: (1) a subpopulation which is
NT-3 responsive but not GDNF responsive (27.7%) [NT3 1
GDNF-responsive population minus GDNF-responsive
FIG. 1. NT-3 and GDNF support the cell recovery of E13.5
ympathetic neuroblasts. E13.5 neuroblasts were isolated and cul-
ured in serum- and insulin-free defined media supplemented with
ither nothing (no add) or factors which potentially affect sympa-
hetic neurogenesis. NT-3 and GDNF increased the cell recovery in
24-h assay. The recovery of neuroblasts when NT-3 and GDNF
ere added together was greater than when added alone. Presented
s the average 6 SEM of three experiments performed in triplicate
from independent neuroblasts isolations. *P , 0.05.population]; (2) a population that is GDNF responsive but s
ondition, no additive, 5 ng/ml NT-3 (survival), 50 ng/ml NT-3 (surviva
Copyright © 2000 by Academic Press. All rightot NT-3 responsive (14%); and (3) a population of neuro-
lasts that is both NT-3 and GDNF responsive (39.6%).
In agreement with Buj-Bello et al. (1995), we demon-
strated that GDNF can increase the cell recovery of E13.5
sympathetic neuroblasts twofold in in vitro cell recovery
ssays. Whether this cell recovery is a function of increased
roliferation or survival was still in question. We performed
ingle-cell tracking experiments on rat E13.5 and E15.5
euroblasts to determine if the development of individual
euroblasts in the presence of GDNF was more similar to a
nown mitogen for this population (fibroblast growth fac-
or, FGF) or a known survival agent (NT-3). We performed
hese experiments for 16 h as described by Birren et al.
1993). In Table 1, the development of 100 individual
euroblasts per condition is presented. We restricted the
ime course to 16 h so that multiple rounds of proliferation
ould not complicate these findings. Interestingly, the
istribution of developmental outcomes in GDNF was
ore similar to FGF (mitogen) at early stages of develop-
ent and more similar to NT-3 later in development. This
uggests that the role of GDNF changes from a mitogen to
survival factor during the course of sympathetic develop-
ent.
Trophic-Factor-Independent Sympathetic
Neuroblasts
Having biologically identified three distinct subpopula-
tions of sympathetic B21 neuroblasts based solely on their
esponsiveness to various neurotrophic factors at E13.5 of
at gestation, we turned our attention to a potential fourth
ubpopulation of neuroblasts, a population whose cell re-TABLE 1
The Role of GDNF Changes during Development
Developmental outcome
No
addition
5 ng/ml NT-3
survival
50 ng/ml NT-3
antimitotic
10 ng/ml FGF
mitogen
25 ng/ml GDNF
experimental
E13.5
ied without division 53 35 24 48 42
urvived but did not divide 10 21 48 2 3
ivided both progeny survived 2 26 15 12 13
ivided one progeny died 17 14 12 28 33
ivided and both progeny died 18 4 1 10 9
Cell recovery 31 87 90 54 62
E15.5
ied without division 66 36 29 51 36
urvived but did not divide 8 32 58 18 38
ivided both progeny survived 4 18 7 4 17
ivided one progeny died 15 10 6 18 8
ivided and both progeny died 7 4 0 9 1
Cell recovery 31 78 78 44 70
Note. Shown are the average of two single-cell tracking experiments performed according to the method of Birren et al. (1993). 100
euroblasts/condition/experiment were followed every 4 h for 16 h. Recorded were the proliferation and survival of each cell under eachl/antimitotic), 10 ng/ml FGF (mitogen), or 25 ng/ml GDNF.
s of reproduction in any form reserved.
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371Identification of Sympathetic Neuroblast Subpopulationscovery after 24 h is independent of exogenous neurotro-
phins.
Evidence exists that a subpopulation of sympathetic
neuroblasts is independent of exogenous trophic factor
support in culture (Birren et al., 1993; Verdi and Anderson,
994; Verdi et al., 1994a). Our original studies and unpub-
ished work concerning the NT-3 in sympathetic neuro-
last survival revealed that the percentage of surviving
euroblasts in the absence of any factor for 24 h remains
onstant between 17 and 30% during development. To
ore accurately detail this observation, we performed an in
itro death curve of freshly isolated E13.5 B21 neuroblasts
n serum-free insulin-free medium. The results indicated a
iphasic death response. As predicted there was a substan-
ial loss of cells which occurred within the first 24 h of
ulture. However, and quite unexpectedly, the curve did
ot go all the way to zero but leveled out around 25%
ecovery for the next 48 h. Thereafter this was followed by
second death phase which did eliminate the remaining
euroblasts in the assay (Fig. 2, squares). We next asked
hether this second phase of cell death could be rescued or
elayed with the addition of any soluble growth factors
ocusing mainly on the neurotrophins. Once the initial
eath phase was complete, neurotrophins were added to the
ulture (t 5 36 h postplating) and the cells were returned to
he incubator and examined over the next 72 h. BDNF,
NTF, LIF, and RA were not capable of eliminating the
econd phase of cell death (data not shown). However, NGF
nd supersaturating concentrations of NT-3 (100 mg/ml)
ere capable of rescuing the cells in this assay (Fig. 2; NGF,
FIG. 2. Biphasic death curve for E13.5 sympathetic neuroblasts
cultured in serum and insulin media. E13.5 neuroblasts were
isolated and cultured in serum- and insulin-free defined media for
96 h. Cell recovery was assayed every 12 h. Rescue of the second
death phase was attempted by the addition of factors at 36 h. NGF
(open circles) and 100 mg/ml NT-3 (diamonds) were capable of
escuing or attenuating this second death phase. Presented is the
verage 6 SEM of four independent experiments performed in
riplicate.ircles; NT-3, diamonds). The rescue was not complete in
Copyright © 2000 by Academic Press. All rightT-3 and only observed at supersaturating concentrations.
his either may reflect a very low level of trkC receptor on
he cell surface of these neuroblasts or may show that the
ctions of NT-3 to rescue death are mediated through the
rkA receptor (Davies et al., 1995; Belliveau et al., 1997). In
either case, the cells which remained in culture thrived in
excess of 2 weeks with substantial phenotypic maturation
including an increase in soma diameter, the appearance of a
clearly morphologically defined nucleolus, and thickened
processes (data not shown). These data suggest that this
population of cells is only transiently trophic factor inde-
pendent. We next began to examine the mechanism by
which this transition from a trophic-independent to
trophic-dependent population occurred.
TRK Induction Is Cell Autonomous in the Trophic-
Independent Subpopulation
It is apparent from our past work that the levels of trkA in
E13.5 and E14.5 B21 neuroblasts after 24 h in serum-free
insulin-free culture are not sufficient to mediate a NGF
survival response. Therefore, at some point in the duration
of culture, these cells must induce trkA and/or p75 to
mediate the cell survival response observed above. In order
to mark the transition from a NGF-independent state to a
NGF-responsive state, we assayed for the induction of trkA
and p75 in these transiently trophic-independent B21 neu-
roblasts over time in culture. Consequently, E13.5 neuro-
blasts were allowed to remain in serum-free insulin-free
culture in excess of 72 h. Starting at time zero, sister
cultures were lysed and prepared for semiquantitative RT-
PCR to determine the relative levels of trkA and p75 in the
maturing cell. The relative levels of trkA mRNA increased
in this subpopulation starting after 36 h in culture (Fig. 3).
The levels of mRNA continued to rise before reaching a
maximum level 72 h after isolation. The relative level of
trkA mRNA was slightly higher than the amount of trkA
mRNA observed in E13.5 cells treated with NT-3 for 24 h.
We saw no induction of p75 mRNA at any point in the
assay (data not shown). This strongly suggests that this
population of cells makes the transition from NGF unre-
sponsive to NGF responsive in culture through the induc-
tion of trkA, consistent with what has been observed in the
overall neuroblast population (Birren et al., 1993). Further-
ore, this transition in NGF responsiveness is mediated
ndependent of exogenously added growth factors.
Exiting the Cell Cycle is Cell Autonomous in a
Transiently Neurotrophic-Independent Population
Like B21 neuroblasts in general, the factor-independent
neuroblasts are mitotically active when isolated at E13.5
and E14.5 and grown for 24 h in our standard medium (BrdU
is added the last 8 h of culture) (Fig. 3B). These neuroblasts
stain for the proliferating cell nuclear antigen (PCNA) (data
not shown). The percentage of PCNA-positive neuroblasts
declines over extended time in culture (24–60 h), suggest-
s of reproduction in any form reserved.
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Copyright © 2000 by Academic Press. All righting that these cells become postmitotic in culture (data not
shown). To verify this finding, sister cultures of E13.5
neuroblasts were subjected to BrdU incorporation assays as
they matured in cultured. Despite the small number of cells
to work with, the decrease in the percentage of cells
incorporating BrdU is consistent with the decrease in the
number of PCNA-positive cells indicating that while in
culture these cells are exiting the cell cycle and becoming
postmitotic (Fig. 3B). Taken in conjunction with the in vitro
survival data and trkA induction data, this suggests that the
maturation of these neuroblasts may be cell autonomous.
An Autocrine Mechanism May Underlie the Cell
Autonomous Nature of the Trophic-Factor-
Independent Population
One potential mechanism that may underlie the cell
autonomous nature of the transiently trophic-independent
population is that these cells secrete autocrine factors to
mediate their biological changes. An equally plausible
mechanism is that a paracrine mechanism exists. Factors
secreted by other B21 neuroblast subpopulations which are
rophic responsive may regulate the cell recovery of this
xogenous trophic-factor-independent subpopulation. To
est this we attempted two distinct cell recovery assays. In
he first, we increased the plating density of the B21
neuroblasts. Increasing the density should increase the
local concentration of any putative paracrine or autocrine
factor and enhance cell recovery. As shown in Fig. 4A, when
increasing the plating density by a factor of 5, the 24-h
survival of E13.5 neuroblasts in absence of any added factor
is increased from 24.7 6 4.3 to 39.4 6 2.4% (1.6-fold). To
ensure that we were looking at the recovery of the indepen-
dent population and not the potential enhanced recovery of
the trophic-dependent populations we extended our analy-
sis to 72 h. During the time from 24 to 60 h we observed no
further death of the neuroblasts which were recovered after
24 h suggesting that the recovery at 24 h was due to an
increase in the transiently trophic-independent population
and not on other subpopulations of neuroblasts.
Consistent with this finding, in a second set of experi-
ments we attempted to enhance survival by replacing our
standard medium with E13.5 B21 neuroblast-conditioned
medium. When E13.5 neuroblasts in culture were treated
with E13.5 B21 neuroblast-conditioned medium, there was
statistically significant increase (P # 0.05) in the number
of cells recovered over the next 24 and 36 h (Fig. 4B). These
data, in conjunction with the increased density experi-
ments, are strongly suggestive that a potential autocrine or
potential paracrine (secreted by NT-3- and GDNF-
responsive cells) mechanism may be in operation to support
the interim survival in this subpopulation of sympathetic
neuroblasts until they are NGF responsive.
Finally, in an attempt to elucidate the potential autocrine
or paracrine factor(s), cell recovery assays in the presence of
function-blocking antibodies was performed. In order toFIG. 3. TrkA induction and mitotic arrest are factor inde-
pendent in a subpopulation of sympathetic neuroblasts. (A) Rel-
ative trkA mRNA levels as a function of time in culture were
determined by RT-PCR. Shown is the mean 6 SEM of three
independent experiments performed in duplicate. TrkA levels
increase during development and reach levels comparable to
neuroblasts incubated for 24 h in presence of NT-3. (B) BrdU
incorporation decreases with time in culture in the factor-
independent population. Shown are the averages 6 SEM of two
experiments performed in triplicate from two independent iso-
lations of E13.5 and E14.5 neuroblasts. Significant decreases in
BrdU incorporated from the initial 24-h time point were ob-
served commencing at 60 h (*P , 0.025; **P , 0.011). The
percentage of BrdU-positive cells decreases during time in cul-
ture suggesting the cells are leaving the cell cycle and postmi-perturb the potential autocrine or paracrine loop, we tested
s of reproduction in any form reserved.
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Copyright © 2000 by Academic Press. All righta series of function-blocking antibodies to potential candi-
dates, including NT-3, BDNF, NGF, and neuregulins. No
antibody had an effect on the cell recovery after 24 h of
E13.5 neuroblasts in culture (Fig. 5). One could argue that
the ligand receptor interaction occurs in such rapid and
close proximity at the cell surface that the antibody cannot
disrupt the interaction and block function. To circumvent
this potential caveat, we preincubated E13.5 neuroblasts
with the function-blocking antibodies prior to plating and
subsequent addition of antibody to the culture media (Verdi
et al., 1996). Similar results were observed whether or not
the cells were first preincubated in the presence of the
antibodies and then plated in antibody-containing media
(data not shown). Attempts to increase the antibody con-
centration resulted in necrotic death (data not shown).
Therefore, if an autocrine/paracrine mechanism underlies
the cell autonomous nature of this population, more sensi-
tive and less reagent-restrictive experimentation must be
performed to identify this factor.
FIG. 5. Function-blocking antibodies do not disrupt the potential
autocrine or paracrine mechanism. Cell recovery assays on isolated
E13.5 neuroblasts were performed in the presence of function-
blocking antibodies to potential candidate autocrine or paracrine
factors to attempt to identify the potential factor. No function-
blocking antibody caused an enhanced death over 24 h or preco-
cious second wave of apoptotic cell death as previously observed.
Presented are averages 6 SEM of two experiments performed in
triplicate.
may exist supporting the survival of the exogenous trophic-factor-
independent subpopulation. Presented are averages 6 SEM of threeFIG. 4. Survival of the exogenously added neurotrophin-
independent population is paracrine or autocrine in nature. (A)
Increasing the plating density enhances neuroblasts survival.
Cell recovery assays as previously described were performed on
isolated E13.5 neuroblasts. 53 refers to five times the normal
plating (see Material and Methods). Increasing the plating den-
sity dramatically enhanced the recovery of E13.5 neuroblasts
after 24-h culture in basal media (*P , 0.024). This enhanced
recovery extended beyond the initial 24-h recovery stage
strongly suggesting an effect on the transiently trophic-
independent population. Presented are the averages 6 SEM of
four independent experiments performed in triplicate. (B) E13.5
neuroblast-conditioned medium enhanced the cell recovery of
freshly isolated E13.5 neuroblasts in basal media over 24 h (P ,experiments from three independent isolations.
s of reproduction in any form reserved.
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374 Goldhawk, Meakin, and VerdiDISCUSSION
Multiple Factors Support the Cell Recovery of
Sympathetic Neuroblasts in Vitro
In our previous work we showed evidence that at E13.5–
E15.5, rat sympathetic neuroblasts in both the thoracolum-
bar ganglia express trkC and respond in survival/cell recov-
ery assays to NT-3 in vitro. These neuroblasts do not
respond in kind to NGF and do not express detectable levels
of trkA mRNA or protein (Birren et al., 1993; DiCicco-
loom et al., 1993; Verdi and Anderson, 1994). Approxi-
ately on day E16.5, these neuroblasts began to express
rkA and respond to NGF in these same in vitro cell
ecovery assays. Between E15.5 and E16.5, as cells are
nducing trkA expression and acquiring an NGF response,
hese same cells begin to lose expression of trkC and
ubsequently lose responsiveness to NT-3. This switch in
eurotrophic responsiveness is not limited to sympathetic
eurogenesis. Similar observations have been reported in
eveloping sensory neurons (Buchman and Davies, 1993;
avies, 1994). Furthermore, this switch in trophic respon-
iveness in the sympathetic neuroblasts is not limited to
T-3 and NGF. Buj-Bello et al. (1995) has identified a
opulation of sympathetic precursors which are responsive
o GDNF early on in development prior to becoming NGF
ependent. Moreover Maina and colleagues (1998) have
eported convincing evidence in support of hepatocyte
rowth factor as a potential interim survival factor for
ympathetic neuroblasts. These observations that sympa-
hetic neuroblasts are transiently responsive to different
urvival signals from their ultimate target-derived trophic
actor are consistent with Raff’s hypothesis that all cells
equire trophic support during development (Raff, 1992) and
t also raises the question of how many subpopulations
ith differing growth factor responsiveness exist in the
mmature sympathetic neuroblast pool.
Subpopulations of Sympathetic Neuroblasts Can
Be Defined in Vitro
Here we identify four distinct subpopulations of rat
sympathetic neuroblasts isolated from the thoracolumbar
region: a subpopulation which responds to NT-3 but not
GDNF; a second subpopulation which responds to GDNF
but not NT-3; a third (and the largest) subpopulation which
responds to both NT-3 and GDNF; and a fourth subpopu-
lation whose survival, mitotic arrest, induction of trkA, and
consequent acquisition of NGF responsiveness are exog-
enously added growth factor independent. This is not a
complete inventory of the potential subpopulations that
exist in the sympathetic pool. DiCicco-Bloom and Black
demonstrated that a vast majority of sympathetic neuro-
blasts also respond to insulin in cell recovery assays
(DiCicco-Bloom and Black, 1989; DiCicco-Bloom et al.,
1993). We have demonstrated that a portion of thoracolum-
bar neuroblasts respond to CNTF by forcing a precocious
mitotic arrest and subsequent trkA induction (Verdi and
Copyright © 2000 by Academic Press. All rightnderson, 1994). As stated previously, Maina et al. (1998)
howed compelling evidence that hepatocyte growth factor
id not alter neuroblast proliferation but was a survival
actor for sympathetic neuroblasts. Our work in conjunc-
ion with other in vitro studies and knock-out studies show
rich and complex interaction defining sympathetic neu-
oblast maturation.
It is apparent that even restricting ourselves to just NT-3
nd GDNF, the sizes of these individual populations are
mall. Using these two factors alone to categorize these
euroblasts, the GDNF-responsive but not NT-3-
esponsive population is 14%, whereas the NT-3- but not
DNF-responsive population is 27% and the population
hich responds to both is only 35%. Based on work by
aina et al., HGF supports 50% of the SCG neurons after
4 h in culture. Based solely on the work presented here, the
GF population must in part overlap with other neuroblast
ubpopulations, making the actual size of the discrete
ingle-factor-responsive neuroblast pools even smaller.
oreover, if we begin to include factors such as Artemin
Baloh et al., 1998), FGF (Ip et al., 1994), CNTF (Verdi and
nderson, 1994), or insulin (DiCicco-Bloom et al., 1993) the
izes of these discrete populations of trophic responsive
euroblasts are likely to be further reduced.
A Trophic-Factor-Independent Subpopulation
Exists during Development
We have always been puzzled by the observation that not
all sympathetic neuroblasts die in 24-h cell recovery assays.
What is even more puzzling is the observation that the
percentage of neuroblasts recovered was always between 20
and 30% depending on the plating density. Whether this is
a function of the kinetics of death or a distinct population of
neuroblasts has always been in question. In the chick
sympathetic chain, evidence has been presented in favor of
a subpopulation of trophic-independent neuroblasts during
development (Ernsberger et al., 1989). A wealth of evidence
in support of trophic-factor-independent sensory precursors
has also been reported (Wyatt and Davies, 1993; Wright et
al., 1992), leading us to investigate whether these 20% of
sympathetic precursors might well be transiently trophic
independent. In this study, we extended our normal 24-h
cell recovery assay to 96 h to show that these remaining
cells at 24 h constituted a distinct transiently trophic-
independent population.
Interestingly, the second death phase is rescued by NGF
or high concentrations of NT-3 presumably working
through the trkA receptor. As in the NT-3-responsive
population, NGF responsiveness correlates with trkA ap-
pearance and trkA appearance is concurrent with neuro-
blasts leaving the cell cycle. Although, like in the NT-3-
responsive population, it is not clear which event (trkA
induction or mitotic arrest) occurs first. However, the
important point to be made from these observations is that
two populations (NT-3 responsive, trophic independent)
and presumably a third (NT-3 and GDNF responsive) follow
s of reproduction in any form reserved.
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375Identification of Sympathetic Neuroblast Subpopulationsa similar progression of development: proliferating NGF-
unresponsive neuroblasts and mitotic arrest concurrent
with trkA induction followed by NGF responsiveness. In all
three cases, trkA induction would commence around day
E16.5 (E13.5 1 60 h culture) just prior to the processes
reaching their early targets in vivo (Rubin, 1985). The
acquisition of NGF dependence would then occur, in part,
by substitution of a target-derived neurotrophin (NGF) for
the interim survival factor (NT-3, autocrine or paracrine).
Initial experiments to identify the potential autocrine or
paracrine factor that may support these neuroblasts in
culture have not yet revealed a good candidate. This is in
part due to the lack of good function-blocking antibodies for
some of the more obvious candidates (GDNF family mem-
bers specifically artemin or HGF). Preliminary PCR analy-
sis of neuroblasts which survive the first 48 h in our assays
revealed both GDNFa and RET mRNA present but little to
o GDNF mRNA, making the likelihood of GDNF itself
eing the autocrine factor minimal, but does not com-
letely rule out the possibility (data not shown). We have
nly recently begun to check the expression of other GDNF
amily members mRNA in freshly isolated E13.5 neuro-
lasts, focusing primarily on artemin. Artemin is a survival
actor for sensory and sympathetic neurons in culture, and
ts expression pattern suggests that it also influences these
eurons in vivo (Baloh et al., 1998). Artemin mRNA expres-
sion is detectable but low in freshly isolated E13.5 neuro-
blasts and neuroblasts which survive 48 h of culture in
serum-free, insulin-free media (transiently trophic-
independent population) (J. M. Verdi and S. O. Meakin,
unpublished) but without function-blocking antibodies; no
definite statement regarding artemin’s role is yet possible.
Trophic Switching: An in Vitro Phenomenon?
It has been recently established from several independent
sources that developing rat sympathetic neuroblasts un-
dergo a switch in neurotrophin factor responsiveness in
itro (Birren et al., 1993; DiCicco-Bloom et al., 1993; Verdi
nd Anderson, 1994). The relative biological significance of
hese findings has been debated throughout the field. This
ebate has focused on cell survival studies in neurotrophin
nock-out animals. In these mice, whether it be GDNF
ulls, RET nulls, trkC nulls, or NT-3 nulls, there is a
eduction but not an amelioration in the number of viable
ympathetic neurons as a consequence, which is what one
redicts if the vast majority of neuroblasts are dependent
pon these factors for survival. Two independent labs using
he same strain of NT-3 knock-out mice reported contra-
ictory findings regarding the deficit and timing of the
eficit in sympathetic development (ElShamy et al., 1996;
Wyatt et al., 1997). ElShamy and colleagues reported a
substantial loss of superior cervical ganglion neurons and
excessive death at the same corresponding early stages of
sympathetic neurogenesis from which the in vitro data was
established (E10–E14). In sharp contrast to this finding,
Copyright © 2000 by Academic Press. All rightWyatt and colleagues revealed a reduction in neuron num-
ber only at later stages of development (E16–E18). The best
study to date compared not only precursor number but
proliferation, differentiation, and long-term survival (Fran-
cis et al., 1999) in an independent NT-3 null mouse. In this
study the authors elegantly showed several lines of evi-
dence in support of the hypothesis that NT-3 is important
for the survival of immature sympathetic neurons rather
than sympathetic neuroblasts.
This raises the question of why the in vivo data do not
reflect the compelling independent evidence regarding tro-
phic switching in vitro. These in vivo experiments have the
advantage of looking within the mouse itself but are com-
plicated by the complexity of neurotrophic actions in vivo.
One could argue that all the in vitro work was performed in
ats and that subtle differences exist between murine spe-
ies. However, the more likely explanation to this apparent
ontradiction is the overlapping effects trophic factors have
n vivo. The lack of reduction of sympathetic precursors in
T-3 null mice may reflect the ability of IGF-1, insulin,
DNF-like molecules, hepatocyte growth factor (Maina et
l., 1998), or still yet to be identified neurotrophic mol-
cules to also maintain survival of sympathetic precursors
ntil trkA is induced and the cells become NGF responsive.
hese initial in vitro experiments by Birren and colleagues
1993) and DiCicco-Bloom and colleagues (1993) opened the
oor to the idea that more complicated processes were
ccurring in sympathetic development and paved the way
o reexamine how sympathetic neurons develop. Although
T-3 might not play a major role or be the sole factor
nvolved in sympathetic neuroblasts survival in vivo, these
arly in vitro studies and the studies to follow showed that
T-3 may be one of several redundant factors involved in
he complex maturation of sympathetic neuroblasts. The
tudies performed here allow one to dissect individual
omponents from other mitigating factors and ask whether
T-3- and GDNF-responsive neuroblasts exist, what poten-
ial role these factors play during development, and what
verlap may exist in supporting cell recovery of sympa-
hetic neuroblasts. In this study, we have demonstrated
hat in vitro there are at least four subpopulations of
ympathetic precursors with distinct trophic factor respon-
iveness. These data in conjunction with other in vitro
tudies and the neurotrophin knock-out studies suggest
hat multiple overlapping trophic-responsive neuroblast
opulations exist during sympathetic neuronal develop-
ent.
Models of Sympathetic Development
The original trophic relay model for the control of sym-
pathetic neuronal development focused on the reciprocal
interactions of NT-3 produced from the nonneuronal cells
of the ganglia and neuregulins produced by the developing
neuroblasts (Verdi et al., 1996). This model was based on
the assumption that like the mature population of sympa-
thetic neurons, the sympathetic neuroblasts comprised a
s of reproduction in any form reserved.
376 Goldhawk, Meakin, and Verdihomogeneous, single trophic-dependent cell population. As
we now know, this is not the case. Although the original
model is consistent with the present data, it is obviously
too simplistic.
Our studies in conjunction with the in vivo data suggest
that multiple trophic factors may maintain the precursor cell
population until a time when the cells exit the cell cycle and
induce the machinery necessary to become NGF dependent.
One could envision multiple paracrine and autocrine mecha-
nisms at work to maintain the survival of these neuroblasts.
For example, the transiently factor-independent population
could be the neuroblasts which signal the nonneuronal cells to
produce NT-3 and/or GDNF or other trophic factors. In turn,
NT-3 would help support the survival of immature sympa-
thetic neurons as shown by Francis and colleagues (1999).
GDNF in conjunction with NT-3 (and potentially other fac-
tors) would maintain the interim survival of discrete subpopu-
lations of sympathetic neuroblasts. Another equally plausible
model is that NT-3 and GDNF support overlapping popula-
tions and that these precursors are also supported by neur-
turin, artemin, or hepatocyte growth factor in vivo. Since the
recovery of neuroblasts in in vitro assays range from 50 to 80%
for these individual factors, it seems implausible that sizable
discrete one-factor-dependent neuroblast populations exist in
vivo. The data presented here establish that in the absence of
GDNF-like factors, insulin, and hepatocyte growth factor, the
NT-3 only responsive population is only 27%. If we were to
take into account other trophic factors reported to enhance
cell recovery, the likelihood of discrete single trophic factor
populations would be minimal, such that the loss of any single
factor (NT-3, GDNF) or receptor (trkC or RET) results in only
minimal phenotypic changes in vivo. These studies using in
vitro survival and cell recovery assays allow us to identify
which factors may be involved in maintaining neuroblast
survival and development and the interactions these factors
have in maturing NGF-unresponsive neuroblasts into NGF-
dependent sympathetic neurons.
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